
Jets in Heavy Ion Collisions: 
Open Questions and New Ideas

Please note that this talk is not a review of the results in heavy-ion collisions. We 
would like to hear from you on the open questions and new ideas which could be performed by the 

LHC experiments (ALICE, ATLAS, CMS, and LHCb) and STAR / sPHENIX at RHIC. When possible, please 
make connections to the general QCD program in the HEP community.

Profiting from countless arguments and work with James Mulligan & Peter Jacobs

Longitudinal modification
• out-of-cone:  energy lost, loss of yield, di-jet energy imbalance
• in-cone: softening/hardening of fragmentation

Transverse modification
• out-of-cone:  increase acoplanarity kT
• in-cone:  broadening of jet-profileλ"

kT~µ"Ejet 

One-line reminder: goal is to learn physical 
properties of QGP through jet modifications 
(including microscopic structure)

Note: likely jet is a shower – not a line even in medium…

Jet quenching 3

ment non-perturbatively into a set of final-state hadrons. The characteristic colli-
mated spray of hadrons resulting from the fragmentation of an outgoing parton is
called a “jet”.

Fig. 2. “Jet quenching” in a head-on nucleus-nucleus collision. Two quarks suffer a hard scat-
tering: one goes out directly to the vacuum, radiates a few gluons and hadronises, the other
goes through the dense plasma created (characterised by transport coefficient q̂, gluon density
dNg/dy and temperature T ), suffers energy loss due to medium-induced gluonstrahlung and
finally fragments outside into a (quenched) jet.

One of the first proposed “smoking guns” of QGP formation was “jet quench-
ing” [6] i.e. the attenuation or disappearance of the spray of hadrons resulting from
the fragmentation of a parton having suffered energy loss in the dense plasma pro-
duced in the reaction (Fig. 2). The energy lost by a particle in a medium, ΔE , pro-
vides fundamental information on its properties. In a general way, ΔE depends both
on the characteristics of the particle traversing it (energy E , mass m, and charge) and
on the plasma properties (temperature T , particle-medium interaction coupling1 α,
and thickness L), i.e. ΔE(E,m,T,α,L). The following (closely related) variables are
extremely useful to characterise the interactions of a particle inside a medium:

• the mean free path λ = 1/(ρσ), where ρ is the medium density (ρ ∝ T 3 for an
ideal gas) and σ the integrated cross section of the particle-medium interaction2,

• the opacity N = L/λ or number of scatterings experienced by the particle in a
medium of thickness L,

• theDebye mass mD(T )∼ gT (where g is the coupling parameter) is the inverse of
the screening length of the (chromo)electric fields in the plasma.mD characterises
the typical momentum exchanges with the medium and also gives the order of
the “thermal masses” of the plasma constituents,

• the transport coefficient q̂≡m2D/λ encodes the “scattering power” of the medium
through the average transverse momentum squared transferred to the traversing
particle per unit path-length. q̂ combines both thermodynamical (mD,ρ) and dy-
namical (σ) properties of the medium [7, 8, 9]:

q̂ ≡ m2D/λ = m2D ρ σ . (2)

1 The QED and QCD coupling “constants” are αem = e2/(4π) and αs = g2/(4π) respectively.
2 One has λ∼ (αT )−1 since the QED,QCD screened Coulomb scatterings are σel ∝ α/T 2.



Executive Summary
• Need for precision measurements on jet substructure modifications that correlate 

the energy-loss and substructure modifications
• Measure larger R – more sensitivity to medium resolution (experimentally difficult but ‘new’ 

methods may be available)
• High and low-pT matters – dynamic range of the in-medium “radiators"
• High precision Z-jet, gamma-jet, heavy-quark jets (at low pT) – towards q/g discrimination
• New development: Inclusive measurements (all splittings – complete Lund Diagram) instead 

of groomed -> ensemble basis analyses (subtract the mis-tagged splittings)
• Expand on novel Machine Learning techniques – suppress / improve corrections 

(background)
• High multiplicity collisions are not lower multiplicity PbPb collisions

• HM pp as a good reference for (likely only) NxLO corrections to in-medium effects (within 
jets) in AA => good lesson for what high multiplicity pp collisions are

• Looking forward to the LHC Run-3&4 and RHIC sPHENIX era
• Beyond that? Yoctosecond structure of QGP with top quarks – HE-LHC (low signal 

for HL-LHC) (https://doi.org/10.1016/j.nuclphysa.2018.11.014)
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Jets in LHC Run-3 & 4 Lund diagram

V. LUND DIAGRAM242

High statistics of collected jets in Run-3 and Run-4 of LHC will provide a prime opportunity243

to explore the details of the internal structure of high energy jets that undergo interactions with244

the QGP medium. Recently, a theoretical representation of the radiation phase space within jets245

inspired by Lund diagrams [18] has been proposed. The so-called Lund jet plane [19] - a robust246

portrayal of the internal structure of jets - was designed to build a conceptual connection between247

manually constructed observables and approaches that use Machine Learning techniques to study248

QCD jets and/or discriminate between signal and background jets. The diagram is constructed by249

mapping of the available phase-space within a jet to a triangle in a two dimensional (logarithmic)250

plane that shows the transverse momentum and the angle of any given emission with respect to its251

emitter. Such a triangular diagram, a representation of the radiation within any given jet can be252

created through repeated Cambridge/Aachen declustering.253

To demonstrate the potential of future measurements at the LHC we constructed Lund diagrams254

using Jewel Monte Carlo generator [3]. To study the modifications of the Lund diagram with255

respect to vacuum reference (jets produced in pp collisions) we used the default settings of the256

generator corresponding to 10% most central Pb–Pb collisions at the center of mass energy
p
sNN =257

5 TeV. The temperature of the medium was set to T = 0.42 GeV and the optional calculation of258

the so-called medium response retaining the partons / scattering centers that interacted with the259

jet was not used (i.e. recoils o↵ setting of the MC generator was used). Jets were reconstructed260

with anti�kT algorithm [20] with resolution parameter R = 0.4 using FastJet package [21, 22].261

Jets retained for the substructure analysis were required to have their centroid within two units262

of pseudorapidity around ⌘lab = 0 (i.e. |⌘jet|< 2). The substructure of jets was analyzed with263

Caambridge/Aachen (C/A) algorithm with R = 1 implemented within FastJet for two selections264

of jet pT 80� 120 GeV/c and 200� 250 GeV/c.265

The Lund diagram density can be directly measured experimentally and compared to analytic
predictions and parton-shower Monte-Carlo simulations, such as JEWEL. Figure 10 shows the
density ⇢̄ of points (emissions) for a Lund diagram using the dimensionless quantity  and spatial
separation of two emitters � within a jet (sub-)cluster following formulations in [19], such that

⇢̄(�,) =
1

Njet

dnemission

d ln d ln 1/�
, (2)

where for two clusters a and b labelled such that pT,a > pT,b,  =
pT,b

pT,a+pT,b
�ab, and �2

ab = (ya �266

yb)2+('a�'b)2 with ' being the azimuthal angle and y the rapidity of a cluster. The ⇢̄ density has267

a most useful property for current and future studies in heavy-ion collisions. As shown in [19] the268

zg variable defined in [23] and studied in heavy-ion collisions [12, 24–26], can be directly deduced269

from the ⇢̄ density. Note, since we re-cluster jets already reconstructed with anti�kT R = 0.4 we270

implicitely pose a limit on the angular separation of the clusters within the jet and e↵ectively the271

diagram for ln 1/� < 0.9 is not populated.272

The average density integrated over ln calculated for Pb–Pb (MEDIUM) case shows little273

deviation from the pp (VACUUM) reference. Whereas the average density along ln 1/� for the274

MEDIUM case shows significant deviations from VACUUM for ln 1/� < 3 for jets in the lower pT275

range and for ln 1/� < 4 for higher pT jets. These observations are consistent with soft and hard276

collinear splittings being modified by the medium.277
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Lund diagrams, a theoretical representation of the phase space within jets, have long been 
used in discussing parton showers and resummations. We point out that they can be created 
for individual jets through repeated Cambridge/Aachen declustering, providing a powerful 
visual representation of the radiation within any given jet. arXiv:1807.04758
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Figure 2: (a) The average primary Lund plane density, ⇢, for jets clustered with the C/A

algorithm and R = 1 having pt > 2 TeV and |y| < 2.5, in a simulated QCD dijet sample.

(b) Schematic representation of the di↵erent regions of the Lund plane.

One could additionally follow the lower pt branch at each declustering. This would

e↵ectively create secondary, tertiary, etc., Lund planes (or triangles), i.e. one for each

emission, giving the full Lund diagram as in the middle row of Fig. 1. We postpone the

study of full Lund diagrams to future work, although a brief discussion of the use of a

secondary Lund plane is given in appendix B.

2.2 Averaged Lund plane density and basic analytical properties

The simplest analysis of the Lund plane is to examine the average density of points per jet

and per unit area in the ln kt – ln� plane, which we denote

⇢(�, kt) =
1

Njet

dnemission

d ln kt d ln 1/�
. (2.2)

One can also define a density in terms of dimensionless variables, e.g.

⇢̄(�,) =
1

Njet

dnemission

d ln d ln 1/�
. (2.3)

The quantity ⇢(�, kt) is represented in Fig. 2a for a sample of (C/A, R = 1) jets with

pt > 2 TeV, simulated using the dijet process in Pythia 8.230 [49] with the Monash13

tune [50]. For the case of a quark-initiated jet (about 80% of the jets in the sample

– 5 –

positions of the emissions from (a), but no information about what further secondary

emissions may have been produced. It is this simpler representation that we will use

throughout most of the article.

2.1 Construction of the primary Lund plane

Our starting point for constructing the primary Lund plane is to (re-)cluster a jet’s con-

stituents with the Cambridge-Aachen (C/A) algorithm [47, 48].2 The C/A algorithm iden-

tifies the pair of particles i and j closest in rapidity (y = ln E+pz
E�pz

, with E and pz the

particle’s energy and longitudinal momentum with respect to the colliding beams) and and

azimuth �, i.e. with the minimal value of �2

ij = (yi � yj)2 + (�i � �j)2. It then recombines

them into a “pseudojet” with momentum p = pi + pj . This procedure is repeated until all

particles (and pseudojets) have been recombined, or are separated by �ij larger than some

parameter R.

To create a primary Lund plane representation of a jet we then work backwards through

the C/A clustering. One starts with the full jet and then proceeds as follows:

1. Decluster the current object to produce two pseudojets, pa and pb, labelled such that

pta > ptb, where pti is the transverse momentum of i with respect to the colliding

beams. We will consider pb to be the emission and pa + pb to be the emitter. In the

limit where pb carries little momentum relative to pa, pa + pb and pa can be thought

of being the same particle, simply di↵ering through the loss of a small amount of

momentum by the radiation of a gluon pb.

2. Determine a number of variables associated with the declustering, e.g.

� ⌘ �ab, kt ⌘ ptb�ab, m2
⌘ (pa + pb)

2, (2.1a)

z ⌘
ptb

pta+ptb
,  ⌘ z� ,  ⌘ tan�1

yb�ya
�b��a

, (2.1b)

In the limit ptb ⌧ pta and � ⌧ 1, kt is the transverse momentum of particle b (the

emission) relative to its emitter,  is an azimuthal angle around the (sub)jet axis,

and z is the momentum fraction of the branching. In our default definition of the

Lund plane, the coordinates associated with this declustering will be ln� and ln kt.

One may also, however, make other choices of coordinates, such as for example ln�

and ln, or ln� and ln kt/pt,jet (with pt,jet the jet transverse momentum).

3. Repeat the procedure by going to step 1 for the harder branch, pa.

This procedure gives a tuple of variables {k(1)t ,�(1), . . .}, . . ., {k(n)t ,�(n), . . .} for each of

the branchings o↵ the main emitter. The kt and � elements of the tuples (specifically

their logarithms) can be interpreted as set of coordinates of points in the Lund plane,

corresponding to the full set of primary branchings, as in the lower row of Fig. 1. The

tuple elements other than kt and � provide complementary information for each point.

2Throughout this paper, we also use the C/A algorithm for the initial jet finding. The case where jets are

clustered with the anti-kt algorithm (and re-clustered with the C/A algorithm) is discussed in Appendix A.

– 4 –

3

Analytic study of the Lund plane

To leading order in perturbative QCD and for � ⌧ 1, one expects for a
quark initiated jet

⇢ ' ↵s(kt)CF

⇡
z̄
�
pgq(z̄) + pgq(1 � z̄)� , z̄ ⇤

kt

pt ,jet�

I Lund plane can be calculated
analytically.

I Calculation is systematically
improvable.

Frédéric Dreyer 27/50

Calculable(!)

Study in HI collisions

Select splittings
(remove soft large angle 

radiation)
Þ groom jets

7/21/20



On current experimental data - Jet measurements in AA 
A 5 minute summary
• Inclusive jets in AA suppressed as compared to pp: suppression similar 

for low and high jet pT
• Z-jet, gamma-jet, hadron-jet: e-loss ~10-15% of the jet energy; similar at 

RHIC and LHC
• Missing energy recovered at large angles
• FF modified – differently for inclusive jets as compared to photon 

tagged jets – still not conclusive (difference in quark vs glue e-loss?, 
”surface bias” for inclusive jets?)

• No quark/gluon fraction modification at high-pT
• Jet radial moment and hadron-jet correlations – energy profile modified 

– narrower in AA (a la quark)
• Sub-jet structure:

• Mass: small modification at large mass (small zcut) – no modification in the jet 
core (SD zcut>0.5 beta=1.5)

• Fully corrected SD zcut>0.2: z unmodified; small angles enhances; large angles 
depleted

Main idea: does medium resolve the shower 
& how?

=> Medium properties (microscopic picture?)

7/21/20 4



Jet quenching – an MC study 
towards new measurements…
Future physics opportunities for high-density QCD at the LHC with heavy-ion and 
proton beams - Report from Working Group 5 on the Physics of the HL-LHC, and 
Perspectives at the HE-LHC 

7/21/20 5

https://arxiv.org/pdf/1812.06772.pdf
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10% most central PbPb at 5 TeV
VACUUM
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Fig. 12: Result of the JEWEL+PYTHIA MC simulation: MEDIUM-VACUUM difference of the calcu-
lations shown in Fig. 11 for two jet pT selections.

corresponds to an enhancement of soft (moderate ln 1/�) and hard collinear splittings (large ln 1/�).
These observations are consistent with soft and hard collinear splittings being modified by the medium.

To illustrate the different modifications of the Lund diagram density for the two regions identified
in Fig. 12, projections along ln 1/� are shown in Fig. 13. For Region-A we observe 30%-40% depletion
of splittings for the MEDIUM case whereas in Region-B a moderate increase of splittings induced by the
medium is visible. The depletion in Region-A is consistent a sample of more collimated jets consistent
with previous measurements in heavy-ion collisions [33,64]. The increase seen in Region-B is consistent
with a small in-medium enhancement of splittings with moderate dependency on the angle of the splitting
but favoring the soft collinear medium-induced radiation (moderate ln1/�).
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Fig. 13: Projections of the lund diagram along the angular separation ln 1/� of the splittings for the two
selections of jet pT. In-medium suppression of splittings for moderate ln according to JEWEL (left).
Enhancement for small ln (right).

As discussed in Ref. [57] specific regions in the Lund plane are sensitive to different type of
parton splittings. These regions can be identified by selecting the desired area using linear functions
ln = ln 1/�+ ln 1

pT t , where t is related to the decoherence time (thus formation time). Depending on
the selection, different formation times are probed and splittings will occur within or outside the medium.
Several arbitrary regions selected by the diagonal lines for constant 1

pT t are indicated in Fig. 11. To
illustrate the in-medium effects and their dependence on the jet momentum, the pT and the formation
(decoherence) time the density of the splittings can be projected along the momentum imbalance z =
pT,2/(pT,1 + pT,2). In the left panel of Fig. 14 we show the relative difference of the splitting density
�⇢̄ = (⇢̄med � ⇢̄vac)/⇢̄vac for a selection of pT t. For small pT t the splitting density is suppressed for

13
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Figure 2: Lund diagram of parton splittings with the inclusion of relevant medium scales related to
creation and decoherence of partons in the medium. The chosen parameters are q̂ = 2 GeV2/fm, L = 2
fm and pT = 300 GeV.

these planes are ultimately collapsed onto the original one. Due to the strong ordering of emissions in
the double-logarithmic regime, especially in angles, the emissions are roughly evenly distributed in the
splitting variables.

Each point in the diagram is uniquely associated with a specific formation time tf that is a proxy for
the physical time t when a splitting can be resolved. Solving t = tf, results in a line parametrized by

ln z✓ = ln
1

✓
+ ln

1

pTt
, (4)

with a positive, unit slope in the plane. Hence, each splitting in Figure1 (right) happens approximately at
tf,i (i = {1, 2, 3}). This representation is particularly useful when considering branchings in the presence
of a spatially extended density of scattering centers.

Turning now to medium effects, it is most natural to consider which of the splittings happen inside a
medium of length L. The line corresponding to tf = L is found by substituting t = L in (4), and is also
represented in Figure 2, where we have chosen a particular value for L. Hence, the area above the line
marked tf = L corresponds to emissions that occur inside the medium. Emissions with tf > L occupy the
region below the line.

Providing a comprehensive overview of models of medium interactions proposed in the literature is
beyond the scope of this report. Instead, we consider for the moment a well-known picture that shares
commonalities between a wide class of approaches by assuming that all propagating particles experience
diffusive momentum broadening. The amount of accumulated momentum is characterized by the diffusion
relation hk2Ti = q̂t, where t corresponds to the time of in-medium propagation and where the jet transport
coefficient q̂ acts as a diffusion constant in transverse space.5 For a given splitting, with a given transverse
momentum kT and formation time tf, the accumulated transverse momentum ⇠ q̂tf could either be small
correction or a dominating contribution. The limiting line, k2T = q̂tf, is parametrized by,

ln z✓ =
1

3
ln

1

✓
+ ln

q̂1/3

pT
. (5)

Note that the slope is a factor 1/3 smaller than in (4). More generally, at any instant t we can compare
the intrinsic transverse momentum k2T ⇠ (✓t)�2 to the accumulated one ⇠ q̂t. This allows us to identify a
characteristic time-scale when the two are of the same order that is usually referred to as the decoherence

5Here we neglect the influence of rare, hard kicks in the medium that go beyond this definition. Their discussion follows
closely what we describe below, with the resolution scale �? ⇠ q�1

? , where q? is the transverse momentum kick from the
medium. We refer, e.g. to [36] for a comprehensive discussion.
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Figure 1: Left: The kinematical Lund plane spanned by ln 1/✓ and ln z✓ for jets with opening angle
R, see text for details. Right: clustering history with the formation time of primary emissions in the
kinematical Lund plane.

the dipole splitting angle, we find that the dipole invariant mass reads

M2 = z(1� z)p2T✓
2 , (1)

where pT is the total momentum of the dipole, corresponding roughly to the transverse momentum in
the detector. The characteristic time-scale of the splitting is usually referred to as the formation time,
and is related to the finite energy resolution, tf ⇠ �E�1. It is explicitly given by

tf =
2z(1� z)pT

k2T
=

2pT

M2
, (2)

where kT = z(1�z)pT✓ is the (relative) transverse momentum of the dipole in the small angle limit. This
formula can easily be understood as the time-scale for decaying in the rest frame of the parent times its
boost factor ⇠ (1/M)⇥ (pT/M).

The Lund diagram exists in various forms, the common feature being that the variables spanning the
plane exploit the logarithmic phase space due to the soft, 1/z, and collinear, 1/✓, divergences of typical
QCD splittings (except g ! qq̄). Here, the phase-space for emission from each particle is represented in
the Lund map, as a triangle in a ln 1/✓ and ln kT/pT plane, where ✓ and kT are respectively the angle and
transverse momentum of an emission with respect to its emitter In the soft and collinear limit, usually
referred to as the double-logarithmic regime, the differential probability dP of one splitting is given by
[35, 2]

dP = 2
↵sCi

⇡
d ln z✓ d ln

1

✓
, (3)

in terms of its kinematical variables, and approximating kT ⇡ zpT✓, and in arbitrary color representation
(Ci = CF for quark and Ci = Nc for gluon splitting, respectively). Due to the self-similar nature of the
phase space (3), the effect of multiple splittings corresponds to higher-order corrections.4 Hence, the area
spanned below the line z = 1, see Figure 1 (left), is uniformly populated by emissions with the weight
2↵sCi/⇡ where emissions can take place up to the jet opening angle R. The density at fixed kT is mainly
modulated by running coupling effects, down to the QCD scale, kT ⇠ ⇤QCD, where non-perturbative
effects will dominate. In Figure 1 (left) we have also explicitly denoted the regimes of soft, large-angle
and hard, collinear radiation.

For a full-fledged jet, the diagram is built up by mapping every branching to a point on the Lund
plane. In Figure 1 (right), we illustrate how to fill this plane for multiple, primary emissions off the
main branch—three in the illustrated case. Resolving subsequent splittings along the primary branches
will, in turn, generate new, orthogonal Lund planes, and so on. Simplifying the graphical representation,

4For a given phase space point with {z, ✓}, the feed-down contribution from one additional splitting yields a contribution
⇠ O

�
↵2
s ln 1/z lnR/✓

�
which contributes at higher-logarithmic order.
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the dipole splitting angle, we find that the dipole invariant mass reads

M2 = z(1� z)p2T✓
2 , (1)

where pT is the total momentum of the dipole, corresponding roughly to the transverse momentum in
the detector. The characteristic time-scale of the splitting is usually referred to as the formation time,
and is related to the finite energy resolution, tf ⇠ �E�1. It is explicitly given by

tf =
2z(1� z)pT

k2T
=

2pT

M2
, (2)

where kT = z(1�z)pT✓ is the (relative) transverse momentum of the dipole in the small angle limit. This
formula can easily be understood as the time-scale for decaying in the rest frame of the parent times its
boost factor ⇠ (1/M)⇥ (pT/M).

The Lund diagram exists in various forms, the common feature being that the variables spanning the
plane exploit the logarithmic phase space due to the soft, 1/z, and collinear, 1/✓, divergences of typical
QCD splittings (except g ! qq̄). Here, the phase-space for emission from each particle is represented in
the Lund map, as a triangle in a ln 1/✓ and ln kT/pT plane, where ✓ and kT are respectively the angle and
transverse momentum of an emission with respect to its emitter In the soft and collinear limit, usually
referred to as the double-logarithmic regime, the differential probability dP of one splitting is given by
[35, 2]

dP = 2
↵sCi

⇡
d ln z✓ d ln

1

✓
, (3)

in terms of its kinematical variables, and approximating kT ⇡ zpT✓, and in arbitrary color representation
(Ci = CF for quark and Ci = Nc for gluon splitting, respectively). Due to the self-similar nature of the
phase space (3), the effect of multiple splittings corresponds to higher-order corrections.4 Hence, the area
spanned below the line z = 1, see Figure 1 (left), is uniformly populated by emissions with the weight
2↵sCi/⇡ where emissions can take place up to the jet opening angle R. The density at fixed kT is mainly
modulated by running coupling effects, down to the QCD scale, kT ⇠ ⇤QCD, where non-perturbative
effects will dominate. In Figure 1 (left) we have also explicitly denoted the regimes of soft, large-angle
and hard, collinear radiation.

For a full-fledged jet, the diagram is built up by mapping every branching to a point on the Lund
plane. In Figure 1 (right), we illustrate how to fill this plane for multiple, primary emissions off the
main branch—three in the illustrated case. Resolving subsequent splittings along the primary branches
will, in turn, generate new, orthogonal Lund planes, and so on. Simplifying the graphical representation,

4For a given phase space point with {z, ✓}, the feed-down contribution from one additional splitting yields a contribution
⇠ O
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which contributes at higher-logarithmic order.
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these planes are ultimately collapsed onto the original one. Due to the strong ordering of emissions in
the double-logarithmic regime, especially in angles, the emissions are roughly evenly distributed in the
splitting variables.

Each point in the diagram is uniquely associated with a specific formation time tf that is a proxy for
the physical time t when a splitting can be resolved. Solving t = tf, results in a line parametrized by

ln z✓ = ln
1

✓
+ ln

1

pTt
, (4)

with a positive, unit slope in the plane. Hence, each splitting in Figure1 (right) happens approximately at
tf,i (i = {1, 2, 3}). This representation is particularly useful when considering branchings in the presence
of a spatially extended density of scattering centers.

Turning now to medium effects, it is most natural to consider which of the splittings happen inside a
medium of length L. The line corresponding to tf = L is found by substituting t = L in (4), and is also
represented in Figure 2, where we have chosen a particular value for L. Hence, the area above the line
marked tf = L corresponds to emissions that occur inside the medium. Emissions with tf > L occupy the
region below the line.

Providing a comprehensive overview of models of medium interactions proposed in the literature is
beyond the scope of this report. Instead, we consider for the moment a well-known picture that shares
commonalities between a wide class of approaches by assuming that all propagating particles experience
diffusive momentum broadening. The amount of accumulated momentum is characterized by the diffusion
relation hk2Ti = q̂t, where t corresponds to the time of in-medium propagation and where the jet transport
coefficient q̂ acts as a diffusion constant in transverse space.5 For a given splitting, with a given transverse
momentum kT and formation time tf, the accumulated transverse momentum ⇠ q̂tf could either be small
correction or a dominating contribution. The limiting line, k2T = q̂tf, is parametrized by,

ln z✓ =
1

3
ln

1

✓
+ ln

q̂1/3

pT
. (5)

Note that the slope is a factor 1/3 smaller than in (4). More generally, at any instant t we can compare
the intrinsic transverse momentum k2T ⇠ (✓t)�2 to the accumulated one ⇠ q̂t. This allows us to identify a
characteristic time-scale when the two are of the same order that is usually referred to as the decoherence

5Here we neglect the influence of rare, hard kicks in the medium that go beyond this definition. Their discussion follows
closely what we describe below, with the resolution scale �? ⇠ q�1

? , where q? is the transverse momentum kick from the
medium. We refer, e.g. to [36] for a comprehensive discussion.
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Jets in LHC Run-3 & 4 Lund diagram

V. LUND DIAGRAM242

High statistics of collected jets in Run-3 and Run-4 of LHC will provide a prime opportunity243

to explore the details of the internal structure of high energy jets that undergo interactions with244

the QGP medium. Recently, a theoretical representation of the radiation phase space within jets245

inspired by Lund diagrams [18] has been proposed. The so-called Lund jet plane [19] - a robust246

portrayal of the internal structure of jets - was designed to build a conceptual connection between247

manually constructed observables and approaches that use Machine Learning techniques to study248

QCD jets and/or discriminate between signal and background jets. The diagram is constructed by249

mapping of the available phase-space within a jet to a triangle in a two dimensional (logarithmic)250

plane that shows the transverse momentum and the angle of any given emission with respect to its251

emitter. Such a triangular diagram, a representation of the radiation within any given jet can be252

created through repeated Cambridge/Aachen declustering.253

To demonstrate the potential of future measurements at the LHC we constructed Lund diagrams254

using Jewel Monte Carlo generator [3]. To study the modifications of the Lund diagram with255

respect to vacuum reference (jets produced in pp collisions) we used the default settings of the256

generator corresponding to 10% most central Pb–Pb collisions at the center of mass energy
p
sNN =257

5 TeV. The temperature of the medium was set to T = 0.42 GeV and the optional calculation of258

the so-called medium response retaining the partons / scattering centers that interacted with the259

jet was not used (i.e. recoils o↵ setting of the MC generator was used). Jets were reconstructed260

with anti�kT algorithm [20] with resolution parameter R = 0.4 using FastJet package [21, 22].261

Jets retained for the substructure analysis were required to have their centroid within two units262

of pseudorapidity around ⌘lab = 0 (i.e. |⌘jet|< 2). The substructure of jets was analyzed with263

Caambridge/Aachen (C/A) algorithm with R = 1 implemented within FastJet for two selections264

of jet pT 80� 120 GeV/c and 200� 250 GeV/c.265

The Lund diagram density can be directly measured experimentally and compared to analytic
predictions and parton-shower Monte-Carlo simulations, such as JEWEL. Figure 10 shows the
density ⇢̄ of points (emissions) for a Lund diagram using the dimensionless quantity  and spatial
separation of two emitters � within a jet (sub-)cluster following formulations in [19], such that

⇢̄(�,) =
1

Njet

dnemission

d ln d ln 1/�
, (2)

where for two clusters a and b labelled such that pT,a > pT,b,  =
pT,b

pT,a+pT,b
�ab, and �2

ab = (ya �266

yb)2+('a�'b)2 with ' being the azimuthal angle and y the rapidity of a cluster. The ⇢̄ density has267

a most useful property for current and future studies in heavy-ion collisions. As shown in [19] the268

zg variable defined in [23] and studied in heavy-ion collisions [12, 24–26], can be directly deduced269

from the ⇢̄ density. Note, since we re-cluster jets already reconstructed with anti�kT R = 0.4 we270

implicitely pose a limit on the angular separation of the clusters within the jet and e↵ectively the271

diagram for ln 1/� < 0.9 is not populated.272

The average density integrated over ln calculated for Pb–Pb (MEDIUM) case shows little273

deviation from the pp (VACUUM) reference. Whereas the average density along ln 1/� for the274

MEDIUM case shows significant deviations from VACUUM for ln 1/� < 3 for jets in the lower pT275

range and for ln 1/� < 4 for higher pT jets. These observations are consistent with soft and hard276

collinear splittings being modified by the medium.277
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Jet substructure – present and outlook

• Current / measured:
• Soft drop, mass (groomed and ungroomed), girth
• Broad strokes conclusion: medium modifies internal jet 

structure – “narrowing” of energy jet profile and (new) 
angular structure of hard splittings

• Future directions? – agenda for Today
• Substructure vs. E-loss - Z-jet, gamma-jet for example 
• Measure large R jets; push for low-jet pT
• Explore different groomers and grooming algorithms
• Different substructure approaches – re-clustering:

• Fragmentation into subjets – inclusive vs. leading subjets
• Axis correlations (std. jet axis vs. WTA) – sensitivity to 

• Jet angularities (mass, girth, limits)

Soft Drop, Recursive SD, Iterative SD
https://arxiv.org/abs/hep-ph/9707323
https://arxiv.org/abs/hep-ph/9907280
https://arxiv.org/abs/1804.03657
https://arxiv.org/abs/1704.06266

Graph by J. Mulligan
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Let’s dissect a recent measurement
• ALICE measurement of groomed jet z and theta
• Fully corrected –> no zg modifications (!) but angular structure modified

7/21/20 16



Let’s dissect a recent measurement
• ALICE measurement of groomed jet z and theta
• Fully corrected – no z modifications (!) but angular structure modified

From theory comparisons:
Þ medium resolves jets as independent emitters – incoherent shower-medium interactions

OR
Þquark/gluon ratio modified – coherent energy loss – more quark-like jets emerging /or 

selected / (gluons loose more energy than quarks – color factor)

7/21/20 17



Quark vs. gluon jets vs. resolution of angular scale
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Well known (but sometimes subtle points) – potential to leverage (with sufficient understanding) in AA collisions
Þ Jet energy profile depends on energy – higher-E more collimated structure

Þ Are lower pT jets more likely to be resolved by the medium?
Þ Jet energy profile depends on parton type – glue induced jets less collimated than quarks

Þ Do color factors – play a role – how strong? (showering dilutes the effect for incoherent interactions?)
Þ Quark/gluon ration changes with jet pT

Þ Higher momentum gluon jets appear as quark jets after the in-medium energy loss (softer prongs removed from the jet)

Subtle differences but well seen in a number of observables (multiplicity) and ML
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Quark vs. gluon jets vs. resolution of angular scale

Subtle differences but well seen in a number of observables (multiplicity) and ML
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Quark vs. gluon jets
Well known (but sometimes subtle points) – potential to leverage but also need to understand in AA collisions
Þ Jet energy profile depends on energy – higher-E more collimated structure

Þ Are lower pT jets more likely to be resolved by the medium?
Þ Jet energy profile depends on parton type – glue induced jets less collimated than quarks

Þ Do color factors – play a role – how strong? (showering dilutes the effect for incoherent interactions?)
Þ Quark/gluon ration changes with jet pT

Þ Higher momentum gluon jets appear as quark jets after the in-medium energy loss (softer prongs removed from the jet)
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q/g: 
- opportunity to leverage even 

at largest pT (‘clean’ splittings) 
- leverage RHIC vs LHC –

different q/g mix

LHC beam energies
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Quark vs. gluon jets
A warning: cutting on Rg may introduce even more 

complicated quark/gluon mixture
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q/g: 
- opportunity to leverage even 

at largest pT (‘clean’ splittings) 
- leverage RHIC vs LHC –

different q/g mix
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Quark vs. gluon jets
Recent measurement by ALICE
HF D-tagged jet nSD compared to inclusive
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q/g: 
- potential to leverage even at 

largest pT (‘clean’ splitings) 
- leverage RHIC vs LHC –

different q/g mix

Exposing	the	dead	cone	at	hadron	level

At	hadron	level	the	effects	are	smeared	but	not	washed	out
As	expected:	the	higher	Eradiator is,	the	dead	cone	effects	appear	at	smaller	angles.
For	D	jets,	the	effects	appear	at	measurable	angles	of	~0.1	rad	for	radiator	energies	of	10-30	GeV
For	B	jets,	one	can	go	higher	in	radiator	energy	and	still	have	effects	at	angles	of	the	order	of	0.1	rad12

charm beauty

Quark mass matters for low-E 
jets: see also Dead Cone studies 
in pp - ALICE Preliminary studies 
with D-tagged jets

PYTHIA

https://arxiv.org/abs/1812.00102
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Larger R jets
- more sensitivity to medium?
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Mean Rg of hard (SD) splittings for jets with larger R
Þ Larger sensitivity to medium properties / structure
Þ Caveat: low-pT signal (prongs) closer to background scale 

(more difficult experimentally? -> new tech. / mixed events?)

Direction to study:
- Larger R
- Access lower pT
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Beware of the background

New developments ongoing: use mixed events for more inclusive measurements – nSD for example

Slide by J. Mulligan
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Explore with care…
Explore?
Different re-clustering algorithms
Different grooming algorithms
Different jet axis – and modifications of those in AA

Novel approaches – ‘dynamical grooming’: 

https://arxiv.org/abs/2006.01812 – new/similar groomers

However, false splittings lurk…

Not everything that’s good in pp works well in 
PbPb (providing valid physics observables) –

adopting needs a critical assessment
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One new idea (the spirit of Lund Plane 
exploration)

Introduction Monte-Carlo results and discussion Fragmentation function from subjets

IRC safe fragmentation function: FF from subjets

Definition

Dsub(z) =
1

Njets

dNsub

dz

dNsub number of primary subjets with k? > k?cut found after an iterative C/A declustering.

8 / 10

P. Caucal et al – Hard Probes 2020 - https://indico.cern.ch/event/751767/contributions/3771082/7/21/20 26

https://indico.cern.ch/event/751767/contributions/3771082/


High multiplicity pp

• Linear growth of HF as a function of mean multiplicity
• More multi-strange hadrons per pion – a continuous evolution from pp 

though pA to AA – note: dN/deta (pions) are a good approximation for 
entropy density
• RAA consistent with unity – no jet energy loss
• Limits obtained from hadron-jet measurements Eloss < 400 MeV

• No modifications to jet composition (identified particles)
• Better data needed?

• Intriguing finding: hadron-jet angular distribution significantly different in 
HM as compared to Min Bias collisions
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HM pp – new measurements Very intriguing modification of azimuthal correlations 
of high-pT hadron and back-to-back jet in HM pp as 
compared to MinBias!

To add to the intrigue: PYTHIA shows similar effect

What’s the connection to PbPb jet quenching?
=> This is a similar signal!

QGP in pp collisions ???
with inclusive RAA ~ 1

Graph by
G. Roland
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HM pp – new measurements Very intriguing modification of azimuthal correlations 
of high-pT hadron and back-to-back jet in HM pp as 
compared to MinBias!

To add to the intrigue: PYTHIA shows similar effect

What’s the connection to PbPb jet quenching?

Answer from simulations: forward-backward high multiplicity 
trigger selects predominantly events with large multi-jet 
configurations
Þ Trigger induces a bias
Þ Asking for high multiplicity? – of course, nature provides! 
Þ But what’s the impact of this observation on the other 

“multiplicity’ology” findings…? – TBC 7/21/20 29



Next years of data – a recent compilation

Until 2029 
ALICE: ~12/nb AA

Slide by Gunther Roland at a recent workshop
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Executive Summary
• Need for precision measurements on jet substructure modifications that correlate 

the energy-loss and substructure modifications
• Measure larger R – more sensitivity to medium resolution (experimentally difficult but ‘new’ 

methods may be available)
• High and low-pT matters – dynamic range of the in-medium “radiators"
• High precision Z-jet, gamma-jet, heavy-quark jets (at low pT) – towards q/g discrimination
• New development: Inclusive measurements (all splittings – complete Lund Diagram) instead 

of groomed -> ensemble basis analyses (subtract the mis-tagged splittings)
• Expand on novel Machine Learning techniques – suppress / improve corrections 

(background)
• High multiplicity collisions are not lower multiplicity PbPb collisions

• HM pp as a good reference for (likely only) NxLO corrections to in-medium effects (within 
jets) in AA => good lesson for what high multiplicity pp collisions are

• Looking forward to the LHC Run-3&4 and RHIC sPHENIX era
• Beyond that? Yoctosecond structure of QGP with top quarks – HE-LHC (low signal 

for HL-LHC) (https://doi.org/10.1016/j.nuclphysa.2018.11.014)
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Jet Lund diagram

• Comparison of event generators
• Use for ML – jet ID (RHS below: 

boosted electroweak boson tagging 
at high momenta)

Jets in LHC Run-3 & 4 Lund diagram

V. LUND DIAGRAM242

High statistics of collected jets in Run-3 and Run-4 of LHC will provide a prime opportunity243

to explore the details of the internal structure of high energy jets that undergo interactions with244

the QGP medium. Recently, a theoretical representation of the radiation phase space within jets245

inspired by Lund diagrams [18] has been proposed. The so-called Lund jet plane [19] - a robust246

portrayal of the internal structure of jets - was designed to build a conceptual connection between247

manually constructed observables and approaches that use Machine Learning techniques to study248

QCD jets and/or discriminate between signal and background jets. The diagram is constructed by249

mapping of the available phase-space within a jet to a triangle in a two dimensional (logarithmic)250

plane that shows the transverse momentum and the angle of any given emission with respect to its251

emitter. Such a triangular diagram, a representation of the radiation within any given jet can be252

created through repeated Cambridge/Aachen declustering.253

To demonstrate the potential of future measurements at the LHC we constructed Lund diagrams254

using Jewel Monte Carlo generator [3]. To study the modifications of the Lund diagram with255

respect to vacuum reference (jets produced in pp collisions) we used the default settings of the256

generator corresponding to 10% most central Pb–Pb collisions at the center of mass energy
p
sNN =257

5 TeV. The temperature of the medium was set to T = 0.42 GeV and the optional calculation of258

the so-called medium response retaining the partons / scattering centers that interacted with the259

jet was not used (i.e. recoils o↵ setting of the MC generator was used). Jets were reconstructed260

with anti�kT algorithm [20] with resolution parameter R = 0.4 using FastJet package [21, 22].261

Jets retained for the substructure analysis were required to have their centroid within two units262

of pseudorapidity around ⌘lab = 0 (i.e. |⌘jet|< 2). The substructure of jets was analyzed with263

Caambridge/Aachen (C/A) algorithm with R = 1 implemented within FastJet for two selections264

of jet pT 80� 120 GeV/c and 200� 250 GeV/c.265

The Lund diagram density can be directly measured experimentally and compared to analytic
predictions and parton-shower Monte-Carlo simulations, such as JEWEL. Figure 10 shows the
density ⇢̄ of points (emissions) for a Lund diagram using the dimensionless quantity  and spatial
separation of two emitters � within a jet (sub-)cluster following formulations in [19], such that

⇢̄(�,) =
1

Njet

dnemission

d ln d ln 1/�
, (2)

where for two clusters a and b labelled such that pT,a > pT,b,  =
pT,b

pT,a+pT,b
�ab, and �2

ab = (ya �266

yb)2+('a�'b)2 with ' being the azimuthal angle and y the rapidity of a cluster. The ⇢̄ density has267

a most useful property for current and future studies in heavy-ion collisions. As shown in [19] the268

zg variable defined in [23] and studied in heavy-ion collisions [12, 24–26], can be directly deduced269

from the ⇢̄ density. Note, since we re-cluster jets already reconstructed with anti�kT R = 0.4 we270

implicitely pose a limit on the angular separation of the clusters within the jet and e↵ectively the271

diagram for ln 1/� < 0.9 is not populated.272

The average density integrated over ln calculated for Pb–Pb (MEDIUM) case shows little273

deviation from the pp (VACUUM) reference. Whereas the average density along ln 1/� for the274

MEDIUM case shows significant deviations from VACUUM for ln 1/� < 3 for jets in the lower pT275

range and for ln 1/� < 4 for higher pT jets. These observations are consistent with soft and hard276

collinear splittings being modified by the medium.277
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Figure 3: Emission density along slices of the Lund plane, at fixed kt (top) and � (bot-

tom), comparing three event generators.

region, where the density is an infrared and collinear safe quantity, and the low-kt, non-

perturbative region. In the latter, for kt below a few GeV, one also sees di↵erences between

generators of about 15%. The ability to clearly identify separate perturbative and non-

perturbative regions provides a powerful advantage relative to quantities such as jet-shapes

that have been measured in the past, and whose distributions tend, to some extent, to mix

perturbative and non-perturbative sensitivity.

A final remark here is that at low kt, the Lund plane density could be seen as providing

an e↵ective definition of the strong coupling in the infrared, which one might also be able

to relate to the ↵0 parameter of Refs [58, 59].

2.4 Relation with other observables

Lund plane density observables are closely related to a wide range of other jet observables.

In some cases there is an exact relation between the Lund-plane density and that

other observable. To illustrate two such cases, zg [60] and NSD [61], we use the Lund plane

density ⇢̄(�,) variant from Eq. (2.3), defined using the dimensionless � and  variables of

Eq. (2.1). The choice of ⇢̄ versus the ⇢ density as defined in Eq. (2.2) depends on whether

one privileges the study of emissions close to the collinear boundary (⇢̄ is preferable) or

the presence of an explicit kt physical scale, e.g. to examine the transition to the non-

perturbative region (⇢ is preferable).

The zg variable of Ref. [60], which is also being studied in heavy-ion collisions [62, 63],

can be directly deduced from the ⇢̄ density. Recall that the zg variable is defined as the

momentum fraction that appears in the first � = 0 soft-drop (or equivalently modified mass

drop) occurrence [19, 64], where the soft-drop procedure has a parameter zcut indicating z

values below which soft splittings are simply discarded. Recalling that  = z� in Eq. (2.1b),

– 7 –

Figure 4: Lund-plane emission density, ⇢S(�, kt), for hadronically decaying boosted W

bosons, in WW events, using the same jet-clustering and selection as in Fig. 2.

3.1 Log-likelihood use of Lund Plane

The log-likelihood approach uses two main inputs: the first requires the identification of the

“leading” emission, (`), which in the W case is likely to be associated with the two-prong

decay. We take this leading emission to be the first emission in the Lund declustering

sequence that satisfies z > zcut with zcut = 0.025, which corresponds to the emission that

would be selected by the mMDT tagger [19] with the same zcut or equivalently by the

Soft-Drop (SD) procedure [64] with � = 0 and that zcut. We define a L` log likelihood

function

L`(m
(`), z(`)) = ln

✓
1

NS

dNS

dm(`)dz(`)

�
1

NB

dNB

dm(`)dz(`)

◆
, (3.1)

using the ratio of dNX/dm(`)dz(`) (X = S,B), the di↵erential distribution in the mass and

z variables of the leading emission (m(`), z(`)) for a simulated signal sample S (W bosons)

with NS jets, and the analogous quantity for a background (QCD dijet) sample B. In

practice we bin logarithmically in m(`) and z(`) to construct a discretised approximation

to L`(m(`), z(`)).

The second likelihood input is designed to bring sensitivity to the pattern of non-

leading (n`) emissions, i.e. the pattern of additional radiation, within the primary Lund

plane, that decorates the basic two-prong structure. It involves a function

Ln`(�, kt;�
(`)) = ln

⇣
⇢(n`)S

�
⇢(n`)B

⌘
, (3.2)
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using Jewel Monte Carlo generator [3]. To study the modifications of the Lund diagram with255

respect to vacuum reference (jets produced in pp collisions) we used the default settings of the256

generator corresponding to 10% most central Pb–Pb collisions at the center of mass energy
p
sNN =257

5 TeV. The temperature of the medium was set to T = 0.42 GeV and the optional calculation of258

the so-called medium response retaining the partons / scattering centers that interacted with the259

jet was not used (i.e. recoils o↵ setting of the MC generator was used). Jets were reconstructed260

with anti�kT algorithm [20] with resolution parameter R = 0.4 using FastJet package [21, 22].261

Jets retained for the substructure analysis were required to have their centroid within two units262

of pseudorapidity around ⌘lab = 0 (i.e. |⌘jet|< 2). The substructure of jets was analyzed with263

Caambridge/Aachen (C/A) algorithm with R = 1 implemented within FastJet for two selections264

of jet pT 80� 120 GeV/c and 200� 250 GeV/c.265

The Lund diagram density can be directly measured experimentally and compared to analytic
predictions and parton-shower Monte-Carlo simulations, such as JEWEL. Figure 10 shows the
density ⇢̄ of points (emissions) for a Lund diagram using the dimensionless quantity  and spatial
separation of two emitters � within a jet (sub-)cluster following formulations in [19], such that

⇢̄(�,) =
1

Njet

dnemission

d ln d ln 1/�
, (2)

where for two clusters a and b labelled such that pT,a > pT,b,  =
pT,b

pT,a+pT,b
�ab, and �2

ab = (ya �266

yb)2+('a�'b)2 with ' being the azimuthal angle and y the rapidity of a cluster. The ⇢̄ density has267

a most useful property for current and future studies in heavy-ion collisions. As shown in [19] the268

zg variable defined in [23] and studied in heavy-ion collisions [12, 24–26], can be directly deduced269

from the ⇢̄ density. Note, since we re-cluster jets already reconstructed with anti�kT R = 0.4 we270

implicitely pose a limit on the angular separation of the clusters within the jet and e↵ectively the271

diagram for ln 1/� < 0.9 is not populated.272

The average density integrated over ln calculated for Pb–Pb (MEDIUM) case shows little273

deviation from the pp (VACUUM) reference. Whereas the average density along ln 1/� for the274

MEDIUM case shows significant deviations from VACUUM for ln 1/� < 3 for jets in the lower pT275

range and for ln 1/� < 4 for higher pT jets. These observations are consistent with soft and hard276

collinear splittings being modified by the medium.277
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